I. INTRODUCTION
The demonstration of lasing action in optically pumped thin organic films even in the presence of a contact [1] [2] [3] [4] [5] has opened up the possibility of producing electrically pumped solid-state lasers from conjugated polymers and small organic molecules. It is therefore important to develop an improved understanding of lasing phenomena in configurations such as spin-coated films which are amenable to mass production. There has been growing interest in using Förster transfer 6 to improve and control light emission and recently many systems that exhibit Förster energy transfer in organic semiconductors have been demonstrated. [7] [8] [9] [10] [11] [12] [13] It has been shown that by using highly efficient acceptor materials, it is possible for the quantum efficiency of the system compared to that of the pure host to be improved dramatically. 12 Recent work has also demonstrated that through the use of microcavities, an enhancement of the Förster energy transfer is observed. 14, 15 Energy transfer has also been used successfully in organic light-emitting diodes to achieve white-light emission 16 and the energy transfer dynamics under electrical excitation for a porphyrin:polymer blend have been investigated. 17 In the context of solid-state lasers, the use of efficient nonradiative energy transfer between an absorptive donor and an emissive acceptor has two advantages. First, the emission region is shifted away from the absorption region thus reducing self-absorption. 7 Second, the concentration of the acceptor is generally very small ͑1%-10%͒ so that concentration quenching is reduced. Both of these effects can reduce the threshold for amplified spontaneous emission ͑ASE͒, making understanding the energy transfer dynamics extremely important. Although the benefits of energy transfer have been demonstrated, the way in which the energy transfer affects the ASE behavior is poorly understood. A number of works have demonstrated that energy transfer has been observed in blends and that by exciting the donor, ASE from the acceptor can be produced. 7, 17 There have also been a number of works in which ultrafast spectroscopy has been used to measure the energy transfer rate and the Förster radius for energy transfer. 18 -20 However, the effect of energy transfer on the ASE behavior has not been investigated in great detail.
In order for the benefits of donor-acceptor blends just outlined to be realized, it is essential for energy transfer from the donor to the acceptor to compete effectively with the ASE of the donor. In this article, we investigate the conditions for this to occur by studying the effect of donor and acceptor concentration on the ASE behavior. Our results reveal a competition between energy transfer and ASE on the acceptor, which allows us to estimate the rate of stimulated emission. We show that the concentration is an important parameter to consider when designing solid-state lasers as it a͒ Present address: Optoelectronics Research Centre, University of Southampton, Southampton, SO17 1BJ, UK; electronic mail: aks@orc.soton.ac.uk affects not only the rate of energy transfer, but also the position of the ASE. In addition we show that photoluminescence quantum yield ͑PLQY͒ can be used to estimate the rate of energy transfer, and compare the results of this approach with a more conventional approach based on time-resolved luminescence.
Energy transfer and ASE were investigated using solid films of two perylene dyes ͑perylene red and perylene orange͒ in a host matrix of poly͑methylmethacrylate͒ ͑PMMA͒ as a model system. The chemical structures of the dyes used are shown in Fig. 1 . They have very high PLQY in a solid film blend with PMMA ͑0.85 for perylene orange and 0.95 for perylene red͒ and also high photostabilities, which make them promising materials for organic solid-state lasers. [21] [22] [23] [24] The ASE behavior from films doped with different concentrations of perylene red is investigated and the stimulated emission rate for perylene orange is estimated.
II. EXPERIMENT
The first step in making the solid films was to dissolve 200 mg of PMMA in 1 ml of toluene. Perylene red and perylene orange were added to the solution, and films were made by spincoating at 1500 rpm onto fused silica disks. The ratio of perylene red to perylene orange was changed for different films, but the total amount of perylene dye added was kept constant at 2.5 mg. The concentration of the perylene red as a percentage of the total amount of perylene dye in the films varied between 6% and 40% by weight. This was converted into a molar concentration ͑mol dm
Ϫ3
͒ by taking the density of PMMA to be 1.1 g cm
, the molar mass of perylene orange to be 700 g and the molar mass of perylene red to be 1102 g. Absorption measurements were carried out using a Perkin-Elmer lambda 19 spectrophotometer. All of the films had a thickness of 1.5 m. For the quantum yield measurements, an integrating sphere was used with a charge coupled device ͑CCD͒ spectrograph as a detector. 25, 26 Excitation at 488 nm was provided by an argon-ion laser, and all photoluminescence ͑PL͒ measurements were made in the integrating sphere. For the ASE experiments, a nitrogen pumped dye laser was used to achieve an excitation wavelength of 490 nm. This was chosen rather than the maximum of the absorption of the perylene orange, so as to minimize absorption from the perylene red. The light was focused into a stripe 5 mmϫ200 m using a cylindrical lens. Light emitted in the plane of the film was collected using a fiber coupled to a CCD spectrograph. The time-resolved luminescence experiments were carried out using a femtosecond mode-locked Ti-Sapphire laser with a streak camera. The excitation light was the second harmonic ͑490 nm͒ with pulses of 100 fs duration. PL at 540 nm was collected with an achromatic lens system and a double subtractive dispersion spectrometer ͑for spectral filtering of the emission with 10 nm full width at half maximum band pass͒ and detected with a 2 ps resolution streak camera from DRS Hadland.
III. RESULTS
In order for efficient energy transfer to occur between a donor and an acceptor, it is important for there to be good overlap between the PL spectrum of the donor and the absorption spectrum of the acceptor. Figure 2 shows the absorption and PL of both perylene orange ͓Fig. 2͑a͔͒ and perylene red ͓Fig. 2͑b͔͒ and it can be seen that there is very good spectral overlap between the perylene orange emission and the perylene red absorption.
We have investigated the effect of acceptor concentration on the ASE spectra for a set of six films with concentrations of perylene red between 0% ͑undoped͒ and 40%. Figure 3 shows the ASE spectra measured a little above the threshold for ASE. The figure shows that the peaks of the spectra for the pure perylene orange film and the film doped with the lowest concentration of perylene red ͑6%͒ are both close to 580 nm. However, the positions of the ASE for films with higher concentrations of perylene red ͑10%, 15%, 30%, and 40%͒ are all close to 620 nm. ASE spectra for films of perylene red:PMMA in which no perylene orange is present are also observed at 620 nm. This spectrum is not included, as ASE is not observed when an excitation wavelength of 490 nm is used, due to the low absorption coefficient at this wavelength ͑see Fig. 2͒ . The emission of the film doped with 6% perylene red is slightly bluer than that of the pure perylene orange film due to self-absorption.
The variation in the spectral position of the ASE peaks for the highly doped films ͑between 618 nm and 621 nm͒ is due to differences in the absorption spectra of the samples. The ground-state absorption of perylene red overlaps the short-wavelength side of its emission spectrum, driving the ASE peak to longer wavelengths at a higher acceptor concentration.
In order to understand the ASE results just described, the energy transfer coefficient was measured. As the energy transfer rate depends on the concentration of the acceptor, the energy transfer coefficient k q can be defined by k q ϭk ET /͓Q͔ where k ET is the rate of energy transfer and Q is the concentration of the acceptor. Two different methods were used. For the first method, the PLQY of the films was measured. Using a least-squares fitting technique, the PLQY of the orange component of the emission ͑⌽͒ was determined. This is related to the decay rate of perylene orange, k by:
where ⌽ 0 is the PLQY of the undoped perylene orange, ͓Q͔ is the concentration of the perylene red, and k r and k nr are the rate constants for radiative and nonradiative decay of perylene orange, respectively. Hence, by measuring the ratio of the quantum yield of the undoped perylene orange to the quantum yield of the orange component of the emission from the blend, for different concentrations of perylene red, and the decay rate of perylene orange, k, the energy transfer rate can be inferred. Figure 4 shows the ratio of PLQY for the undoped perylene orange ͑measured to be 0.85͒ to the PLQY of the perylene orange component of the emission from the blend as a function of the perylene red concentration in the blend. As the concentration of the perylene red is increased, there is an increase in the perylene red emission ͑and, hence, a decrease in the perylene orange emission͒. This results in an increase in the ratio of the PLQY of pure perylene orange to the PLQY of perylene orange in the blend. Figure 4 shows a good linear relationship for all but the last data point and an intercept close to one. The error on the data point at a molar concentration of perylene red of 4 mmol dm Ϫ3 is due to the very low quantum yield of the perylene orange in this film. This results in a large error in the quantum yield ratio plotted on the y axis and, therefore, this point was not included in the linear regression fitting. In order to calculate the rate coefficient, a lifetime for the perylene orange of 3.6Ϯ0.5 ns was used as measured by Sharma 28 in PMMA. Using the gradient of the graph of 1.93Ϯ0.05ϫ10 3 (mol/dm 3 ) Ϫ1 and Eq. ͑1͒ gives a value for the energy transfer coefficient, k q , of 5.4Ϯ0.5ϫ10 11 s Ϫ1 (mol/dm 3 ) Ϫ1 . The second method to determine the energy transfer coefficient was to measure the decay dynamics of the perylene orange emission as a function of concentration of the perylene red. The decay rate of the perylene orange emission in the blend, k orange , is the sum of the energy transfer rate k q ͓Q͔ and the decay rate of the undoped perylene orange k:
Therefore, a measurement of the rate of decay of the perylene orange emission from the blend as a function of acceptor concentration will yield both the decay rate ͑k͒ of the pure perylene orange and the energy transfer coefficient (k q ). Figure 5 depicts the fluorescence decay rate of the perylene orange component of the emission as a function of perylene red concentration. As the concentration of the perylene red is increased, the decay rate of the perylene orange decreases. The line is a linear regression fit to the data. The gradient of the graph in Fig. 5 
IV. DISCUSSION
In order to establish that efficient energy transfer was taking place between the two perylene dyes, the absorption and PL spectra for each of the six films were measured ͑not shown͒. By using a least-squares fitting technique, the absorption spectrum of each blend was modeled as a linear sum of the absorption of the pure perylene orange and the absorption of the pure perylene red in PMMA. The values obtained for the ratio of perylene orange to perylene red, were identical to the actual ratio of masses of material used to fabricate the films. The same technique was used for the PL spectra of each blend. Each spectrum was modeled as a linear sum of the PL spectrum of perylene orange in PMMA and perylene red in PMMA. Again, a least-squares fitting technique was used to determine what proportion of the emission was from each chromophore. The ratio of perylene red to perylene orange was higher than the ratio obtained for the absorption spectrum, and this ratio increased as the concentration of perylene red was increased. For instance, the modeling showed that for the film that was doped with 40% perylene red, 96% of the emission was from the perylene red and 4% was from the perylene orange. This is much higher than the ratio we would expect if there was no interaction between the chromophores and we can therefore infer that efficient nonradiative energy transfer ͑Förster transfer͒ was taking place.
The rate of energy transfer depends on good overlap between the donor fluorescence and acceptor absorption as described in work by Förster 6 and extensively in the literature. 27 The Förster radius was evaluated from the overlap integral using the data in Fig. 2 , and a Förster radius of 70 Å for energy transfer from perylene orange to perylene red was calculated. This distance is typically in the range 30-80 Å.
The most important observation from the ASE data in Fig. 3 is that there is a sudden change in the position of the ASE as the concentration of the perylene red in the blend is increased. This sudden change is due to competition between the energy transfer from the perylene orange to the perylene red and the stimulated emission mechanism. Our measurements of the energy transfer rate enable us to understand why this occurs. At low concentrations of perylene red, the rate of energy transfer is small as the intermolecular distance is large. The stimulated emission of the donor is then faster than the energy transfer to the acceptor, so ASE from the perylene orange is observed. At higher concentrations, the energy transfer rate to the acceptor becomes higher than the stimulated emission rate of the donor. The excitation will then be transferred to the perylene red before ASE is produced. Therefore, for blends with high concentrations of perylene red, the ASE peak is observed at the same wavelength as for the pure perylene red film, i.e., 620 nm. Figure  3 shows that the sudden change in the position of the ASE spectra occurs at a doping level of just under 10% (1 ϫ10 Ϫ3 mol dm Ϫ3 ). At this concentration, the stimulated emission rate is equal to the rate of energy transfer. Using this value, an estimate can be made for the lifetime of the stimulated emission if the rate constant for energy transfer is known. It is likely that the stimulated emission lifetime depends on the total concentration of the perylene orange and red in the PMMA film. However, as this was kept constant for all films, this is a useful method for determining the stimulated emission lifetime for a given doping concentration. To find an average value for the energy transfer coefficient, the values from the two methods where combined. Using the relation: PLQYϭk r /k, the decay rate data were converted into quantum yield data so that a comparison of the two methods could be made. Figure 6 shows both this data and the PLQY data shown in Fig. 4 with lines of best fit for each data set. Figure 6 also shows that good agreement is seen between the two sets of data, and the average of the values obtained for the energy transfer rate coefficient, k q , is 5.0Ϯ0.5ϫ10 11 s Ϫ1 (mol/dm 3 ) Ϫ1 . Combining this value with the acceptor concentration of 1ϫ10 Ϫ3 mol dm Ϫ3 , gives a stimulated emission rate of 5.0Ϯ0.5ϫ10 8 s Ϫ1 , corresponding to a lifetime of 2.0Ϯ0.1 ns. This is shorter than the spontaneous emission lifetime value which was measured by Sharma 28 for perylene orange in PMMA blends of 3.6Ϯ0.5 ns. Picosecond spectroscopy on a thiophene oligomer has shown a stimulated emission lifetime of 600 ps, which is a similar order of magnitude to the results presented here. 29 A decrease in the emission lifetime due to stimulated emission has also been observed by Wong et al. 30 in poly͑p-phenylenevinylene͒. Our measurements of the stimulated emission lifetime using energy transfer are an important step in the understanding of how energy transfer affects the excited state decay dynamics and is vital for the fabrication of solid-state organic laser devices.
V. CONCLUSION
Our results show that nonradiative energy transfer ͑För-ster transfer͒ occurs between two perylene dyes in a PMMA host matrix and with an estimated Förster radius for energy transfer of 70 Å. The effect of energy transfer on the ASE spectra has been investigated, and we find that the species that emits is highly dependent on the concentration of the components of the blend. For acceptor concentrations below 10%, ASE was found to be emitted from the donor ͑perylene orange͒ and for concentrations above this, emission was from the acceptor ͑perylene red͒.
We have measured the rate of energy transfer by two different methods; ͑a͒ a technique involving measuring the quantum yield of the perylene orange component of the emission from the blends and ͑b͒ by decay rate measurements. We find that these measurements give good agreement and that the average rate coefficient for energy transfer is 5.0Ϯ0.5ϫ10 11 s Ϫ1 (mol/dm 3 ) Ϫ1 . This measurement was used to estimate the rate at which the excited state is deexcited and should be applicable to a wide range of doping concentrations. For the conditions stated here, the concentration of the acceptor species at which the stimulated emission is equal to the rate of energy transfer was shown using ASE measurements to be 10%. This was used to estimate the rate of stimulated emission, which was found to be 4.9Ϯ0.5 ϫ10 8 s Ϫ1 . These results show how concentration must be optimized in order to use blending to make better organic lasers.
